Abstract-Thermally driven gas flow is exploited in a microscale device for the purpose of gas pressure dependent actuation in rarefied environments. The device relies on the in-plane motion of a shuttle mass in response to Knudsen thermal forces. The shuttle response is measured capacitively and the magnitude is used to estimate ambient pressure. Combined with heating element resistance, these measurements, in principle, enable the simultaneous determination of gas composition if the constituents are known. Numerical simulations using direct simulation Monte Carlo are carried out to elucidate the mechanisms of force production. Results reveal highly vortical flow structures forming high pressure regions at the shuttle surface. The experimental and numerical results are expressed in terms of a non-dimensional Knudsen force coefficient, allowing force magnitude to be estimated for dynamically similar geometries.
I. INTRODUCTION
T HERMOSTRESS convection encompasses a unique class of rarefied gas flow in which the bulk gas actuates under the influence of temperature gradients alone [1] . These effects were investigated extensively in 1970's by Kogan et al. [2] , however applications have remained largely theoretical due to the constraints imposed on operating conditions. The generation of stresses of sufficient magnitude to induce fluid actuation necessitates the characteristic length scale of the thermal gradient to be comparable to the molecular mean free path, T /(dT/dx) ≈ λ where λ is the molecular mean free path. At the macroscale such magnitudes are prohibitive, necessitating thermal gradients on the order of 10 9 K/m. For MEMS devices operating in rough vacuum however, these conditions are readily achieved, allowing thermostress effects to overcome the classically dominant viscous stresses.
The ability to actuate a rarefied gas under the influence of temperature gradients was first explored by Knudsen in 1910 using evacuated glass bulbs separated by a long narrow tube [3] . It was discovered that heating one of the bulbs leads to a pumping action, creating high pressure at the hot end and low pressure at the cold end. Such behavior could only be achieved at very low pressures and high temperatures however, a constraint imposed by macroscopic geometries. For this reason, the Knudsen compressor received limited implementation until recently.
In 2001, Knudsen's compressor principle was applied by Vargo and Muntz [4] in atmospheric pressures using a nanoporous aerogel. In their experiments, the characteristic length of the gelatin pores was around 100 nm, allowing the gas to be considered rarefied with respect to the membrane at atmospheric pressures. The device was able to achieve a pressure difference of 5.09 Torr across its ports in atmosphere at a power of 1.5 W.
The first fully microscale implementation of the Knudsen compressor was realized by McNamara and Gianchandani [5] whereby a device capable of achieving vacuum levels on the order of 350 Torr was demonstrated for an applied power of 80 mW. The design was later extended to a 162 stage pumping system, bringing the performance up to 900 mTorr at 390 mW [6] . More recently, an out-of-plane channel architecture has been demonstrated, increasing flow rates to as high as 200 sccm [7] .
Thermostress convection phenomena can also be applied to microstucture actuation. This capability was first demonstrated by Passian et al. [8] whereby a microcantilever suspended over a substrate was heated via a pulsed laser. The Knudsen forces in the gap led to a deflection of the cantilever tip, the magnitude of which was estimated via the change in capacitance. The out-of-plane actuation concept was later extended by Sista and Bhattacharya [9] using Joule heating as a means of force generation. The behaviors observed in the experimental measurements were supported by stochastic numerical simulations based on the Direct Simulation Monte Carlo (DSMC) method as well as the asymptotic analysis of the Boltzmann equation [10] , [11] . Recently, the Knudsen thermal force has also been demonstrated to create lift for untethered flying microstructures [12] , [13] In this work, we further expand the microscale actuation concept to an in-plane device that is, in principle, capable of simultaneously measuring ambient pressure and gas composition in binary mixtures [14] , [15] . This capability is realized using both the Knudsen force magnitude and convective thermal dissipation to the ambient gas. We also employ a generalized non-dimensional parameter for the magnitude of the Knudsen thermal force based on the Knudsen number.
II. THEORY
When two solid bodies are used to establish the temperature gradient in the gas, the resulting thermal stresses are known as Knudsen forces. The Knudsen force is bimodal in nature, resulting in varying force generation mechanisms in the free molecular and continuum limits.
A. Knudsen Force Production in the Free Molecular Limit
When the distance separating the bodies used for Knudsen force production is much smaller than the molecular mean free path the flow is said to be free molecular. Knudsen force generation in the free molecular limit derives from the ballistic interaction of the gas molecules with the two bodies. An approximate analytical expression based on kinetic theory for the Knudsen force magnitude in the free molecule limit was first developed by Knudsen [3] ,
where p ∞ is the ambient pressure, A is the exposed surface area of the body, T 1 is the temperature of the hotter body and T 2 is the temperature of the cooler body. Extensions of this analysis accounting for finite body size as well as nonunity gas-surface accommodation coefficients have also been developed [16] , [17] . At elevated pressure the trajectories of the molecules are interrupted by other species and the force output is no longer linear. As intermolecular collisions become more frequent the flow transitions towards the continuum regime, leading to an alternative force generation mechanism based on thermal stress.
B. Knudsen Force Production in the Continuum Limit
The generation of Knudsen forces near the continuum limit manifests from thermal stresses in the gas. Through linearization of the Boltzmann equation via the ChapmanEnskog or Hilbert expansion [18] it can be shown that the non-dimensional thermal stress tensor, σ i j , in the gas is described by
where K 1 and K 2 are numerical parameters based on the molecular model and gas species, μ is the bulk viscosity, ρ is the gas density, T is the local gas temperature, and x is the spatial coordinate. Through non-dimensionalization of equation (2) it can be shown that thermal stress varies with the molecular mean free path to the second order. Thus, Knudsen force magnitude vanishes in the continuum limit (K n → 0). It is important to note that equation (2) applies only when the flow conditions deviate mildly from equilibrium. Thus, force magnitude does not increase without bound as pressure is decreased, rather it smoothly transitions to the linear free molecular solution from equation (1) .
Using the principles established by equations (1) and (2), a new Microscale In-plane Knudsen Radiometric Actuator (MIKRA) device has been developed which exploits the effects of thermostress convection for the purpose of gas pressure sensing. The gas-dependent nature of the thermostress convection suggests the device should, in principle, exhibit the capability of measuring relative concentration in a binary low pressure gas mixture, an appealing property for a host of industrial processes ranging from the lyophilization of food and pharmaceuticals to process control in microelectronics fabrication.
III. DEVICE CONCEPT
The Microscale In-Plane Knudsen Radiometric Actuator (MIKRA) relies on the in-plane motion of a shuttle mass in response to Knudsen thermal forces. As illustrated in Fig. 1 , the shuttle is suspended 4 μm above an underlying substrate by a series of 4 serpentine spring elements. The shuttle itself consists of a central support member having 12 arms extending transversely outwards. These arms serve to either transmit or measure the effects of Knudsen force. Located adjacent to the shuttle arms, 20 μm away, are a series of fixed arms containing heating elements deposited on the upper surface. Under the application of electrical current the temperature of the fixed arms is raised, creating a large temperature gradient in the gap on the order of 10 6 K/m. As a result of the non-equilibrium flow conditions in the gap the shuttle displaces away from the fixed arms. The magnitude of this deflection is measured via a series of comb capacitors at the periphery of the shuttle. A CAD representation of MIKRA as well as a photograph of the unpackaged chip are shown in Figs. 2a and 2b respectively.
IV. DEVICE FABRICATION
The MIKRA device is fabricated from a SOI wafer having box and device thicknesses of 4 μm and 50 μm respectively. A schematic of the process is provided in Fig. 3 . The process begins by first depositing a 200 nm thick layer of Si x N y using LPCVD. The nitride layer is then masked using AZ 1827 photoresist and etched in SF 6 /O 2 chemistry through a RIE process. The patterned nitride serves as an electrical insulating layer between the heating elements and underlying device layer. Following nitride etching a 10/100 nm Cr/Pt filament is deposited, forming the heating elements. A 10/30 Cr/Au is then evaporated at the periphery of the heating elements to allow wire bonding to the chip carrier. After metallization the silicon structures are patterned and etched in a DRIE process. With primary processing complete the wafer sections are diced and the movable silicon structures released in hydrofluoric acid. The final step in fabrication involves placing the die pieces in a critical point dryer, releasing the shuttle sections from the underlying substrate. A SEM image of the completed and packaged device is shown in Fig. 4 .
V. EXPERIMENTAL SETUP
All Knudsen force and thermal characterization measurements are performed inside of a low profile custom-machined vacuum chamber. The chamber has a central viewport, allowing both optical and infrared images to be captured real-time The experiment begins by first regulating chamber pressure around a desired setpoint. Vacuum is provided by a dry scroll pump and pressure is regulated through a solenoid via a proportional-integral control architecture. Following stabilization the heating elements are engaged and regulated at either 75, 100, or 125 mW over a 5-second duration. During this period the shuttle displaces away from the heated arms, the magnitude of which is determined through an array of comb capacitors. The capacitors are driven by a 1 Vrms 10 kHz carrier signal. Output is passed through a charge integrator circuit and subsequently to a Lock-In Amplifier (LIA). The DC level of the LIA varies linearly with shuttle position and is calibrated under a microscope prior to testing using actuation voltages ranging from 0 to 40 Volts.
Following the 5-second heating element activation the device is allowed to return to room temperature for a period of 55 seconds. This period was determined using a a thermal imaging microscope, permitting cooling rate to be quantified directly. The process is repeated 5 times at each pressure setpoint and device output is averaged over all periods. After averaging a new pressure setpoint is specified and the process is repeated. A total of 17 pressure setpoints were tested, varying logarithmically in spacing between 75 mTorr and 112 Torr. Experimentally measured force magnitude and displacement in air (solid) and helium (dashed) for heating element power levels of 75, 100, and 125 mW. Results of Passian et al. are also provided for comparison [8] VI. EXPERIMENTAL RESULTS Experimentally measured Knudsen force pressure on the shuttle using air and helium as the working fluids at heating element powers of 75, 100, and 125 mW are shown in Fig. 6 . Also provided are the experimental results of Passian et al. [8] for a cantilever suspended over an underlying substrate.
Knudsen force magnitude is estimated through calibration of the suspension stiffness. This procedure is carried out using an electrostatic comb drive at the shuttle periphery. A known voltage, V is applied to the combs and the resulting shuttle displacement is measured using a microscope. The capacitance change is compared to the measured displacement, allowing shuttle position to be determined directly from the lock-in amplifier voltage. Neglecting fringing effects, the electrostatic force can be estimated simply through F = tV 2 /d where is the vacuum permittivity, t is the shuttle thickness, and d is the separation between the comb fingers. With the force and displacement from equilibrium known, the stiffness is readily computed, assuming a value of around 2.5 N/m. Comparing these results directly with those measured by the sense capacitors the shuttle position and Knudsen force magnitude can be computed for any arbitrary output. The uncertainty in output voltage assumes a value of roughly 1% whereas that of the force is as large as 23%, a result stemming purely from the difficulty in capturing the shuttle in an objective lens larger than 20x magnification. The maximum shuttle displacement ranged from 1.92 to 4.45 microns for air and helium respectively under the application of 125 mW.
The bell-shaped force profile as a function of pressure is characteristic of the Knudsen force, a result which is expected from limiting equations (1) and (2). In the free molecule limit the force output is linear with pressure and results from the ballistic interaction between the gas species and the shuttle arm surface. That is, molecules striking the shuttle from within the gap have more kinetic energy than those on the opposing face, leading to a net repulsive force between the hot and cold bodies. In the continuum limit the force results from the non-equilibrium conditions in the gap separating shuttle and heated arms. In this case, fluid is actuated towards the shuttle arm centerline from the edges. The impinging streams from the upper and lower surfaces roll up into a pair of vortices which generate a high pressure circulation zone in the gap. This behavior is discussed in detail in Section VIII. Fig. 6 reveals negative force magnitude (attraction between arms) in the free molecular and continuum limits. In the free molecular regime the Knudsen number within the gap is large, producing Knudsen forces which are small. The Knudsen number between the shuttle arm and the heater arm of the adjacent pair is near unity however, leading to a force which tends to push the heater and shuttle arms together. The smaller force magnitude in this case over that in the transitional rarefied regime results from the lower gas pressure, leading to lower collision frequencies with the shuttle. Macroscale Knudsen gauges suffer from buoyancy effects in the gap which tend to reduce the static pressure. This leads to an attractive force between the plates. As buoyancy effects are generally negligible in the microscale the response in the continuum limit is more difficult to describe. The measured negative force output is more likely due to thermal expansion of the silicon under the application of current to the heating elements.
A comparison of the data from Fig. 6 between air and helium demonstrate an enhancement in beam pressure magnitude over the entire range of Knudsen numbers. This behavior is a result of differences in molecular thermal speed between species. At a given pressure the molecular mean free path of helium is larger than that of air. Thus, a higher ambient pressure is required to achieve an identical Knudsen number. The large collision frequency at elevated pressures and higher kinetic energy ultimately lead to the enhanced force output exhibited by helium. The minor differences in beam pressure between MIKRA and the out-of-plane cantilever configuration are likely attributed to both the differences in geometry and the proximity of the underlying substrate. It has been shown that the presence of solid boundaries surrounding thermal stress flows has a substantial effect on the force output [19] , however these effects are not quantified in the present study.
A. Heat Transfer Measurements
Knudsen force magnitude is highly sensitive to the thermal gradient within the gap separating the shuttle and heated arms. To quantify heat transfer behavior the device temperature was measured during operation using an infrared microscope. The thermal map for heating element A at a power of 100 mW in air at 75 mTorr is shown in Fig. 7b .
Results confirm the presence of a temperature gradient on the order to 10 6 K/m in the gap separating the heated and shuttle arms. Gradients of this magnitude introduce nonequilibrium conditions into the flow, allowing high order flow effects to become significant. Temperature maps were taken at each operating pressure, providing input conditions for numerical simulations. Average temperatures along the heated arms (1A-6A and 1B-6B), shuttle arms (1A-6A and 1B-6B), and the region of substrate directly adjacent to and the shuttle arms at a power of 100 mW are provided in Fig. 8 .
As expected, the temperature of the heated arm decreases monotonically with increasing pressure due to the enhanced efficacy of convection. The variation in shuttle temperature is non-monotonic and stems from the balance between heat transfer to the shuttle from the heated arms and the ability of Average temperature along the heated arms, shuttle arms, and substrate for various operating pressures at 100 mW. Solid lines represent heating element "A" whereas dashed lines correspond to heating element "B". the shuttle to relinquish heat to its surroundings. Heat is most effectively transferred between the heated and shuttle arms near Knudsen force peak magnitude location.
VII. NUMERICAL MODELING Numerical modeling was performed in addition to experiments to investigate the nature of the flowfields within this device. These simulations are necessary as the spatial resolution needed for flowfield visualization within this sensor makes this task infeasible experimentally.
A. Numerical Methods
The flow within the MIKRA device falls into the transitional rarefied regime, which is readily observable in low pressure environments and microscale flows. For the cases simulated in this work, the mean free path varies from about 6 to 230 microns. The characteristic length of the flow was chosen as the distance between the shuttle and heater arms, which is 20 microns. Therefore, the Knudsen number varies from about 0.3 to 11.5.
Such high Knudsen number conditions along with the temperature gradients within the flow cause the classical Navier-Stokes equations to break down due to the presence of high-order non-equilibrium effects. As a result of the flow conditions surrounding MIKRA a kinetic-based solution is necessary as it can properly account for the non-linear thermal stress convection effects.
The Direct Simulation Monte Carlo (DSMC) method [20] is a stochastic method that solves the Boltzmann equation and is often applied to model non-equilibrium flows of engineering interest. DSMC can simulate flows of any Knudsen number by employing millions of representative computational particles to reproduce the behavior of the real gas. As part of this method, each created particle is a computational tool that represents a large number of real particles. Each computational particle has its own position, velocity, and internal properties (such as rotational and vibrational energies).
The simulation domain is discretized into a specified number of grid cells. Each cell is populated with representative particles, and the initial position, velocity, and properties of each particle is set. Then, for each timestep, the particles are moved, the collisions are calculated, and the properties of each grid cell and surface element are sampled.
The DSMC solver SPARTA-31Mar16 [21] developed by Sandia Labs was used in this work. The molecular collisions are described by the No-Time Counter (NTC), Variable Hard Sphere (VHS), and Larsen-Borgnakke (LB) models.
B. Flow and Numerical Parameters
The main DSMC numerical parameters include the flow dimensionality, domain size, mesh, number of computational particles per cell, timestep, and boundary conditions and collision models that best represent the experiment with the simulation.
The length of the heater and shuttle arms is much larger than the gap between them. Also, it is assumed that there was limited interaction between each heater-shuttle arm pair. Therefore, the 2D domain and boundary conditions shown in Fig. 9 can be used to simulate the flow behavior surrounding the device. In this figure, T S , T H , and T C represent the temperatures of the substrate, heater arm, and cold arm, respectively. The parameters T ∞ and P ∞ correspond to the freestream temperature and pressure, respectively.
In the standard case, the number of simulated particles is around 4.5 million, which corresponds to roughly 100 computational particles per cell. The timestep is one nanosecond. There are 300 by 150 collision cells in the x and y directions, respectively. Lastly, the entire simulation involves 5.1 million timesteps, where the first 100,000 timesteps are treated as the unsteady part of the simulation, which are not included in the sampling of the flowfield or force values. From the temperature map shown in Fig. 7b , the different heater arms have different temperatures. Therefore, two sets of T H and T C values are considered for each pressure, one of the central heater and shuttle arms, which will be referred to as heater arm and shuttle arm 3A, and one of the periphery heater and shuttle arms, or heater arm and shuttle arm 1A. The simulated conditions are listed in Table I .
The simulations are validated by comparing the calculated forces to those ones measured during the experiments. The pressure and shear along the surfaces of the shuttle arm are computed within DSMC and used to calculate the forces. The shear force is about two orders of magnitude less than the pressure forces. Although the shear forces are negligible in the force calculation, it is worth considering when trying to characterize the flow around the shuttle arm.
In order to better understand the surface properties, they are measured with higher spatial resolution, meaning each side of the shuttle arm is divided into 20 panels, and the pressure and shear forces are measured on each arm side. This provides a distribution of the pressure force along each panel. The heat transfer to the heater and shuttle arms is also measured along each panel.
C. DSMC Verification Analysis
A verification study is performed to check that the DSMC parameters chosen produce accurate results. DSMC simulations become more computationally expensive as pressures increase because of the reduced mean free path and mean collision times. The most challenging case is the highest pressure case, which was at 7.246 Torr (966 Pa). Therefore, this case was selected for the verification study. The verification analysis tested different numbers of simulated particles, mesh refinement, timestep, and total simulation time. As expected, while some variation is observed, these fluctuations are within the margin of error of the experiments. As shown in Table II , for all the tested cases under consideration, the variation in the computed forces is smaller than 17%, which is within the measured experimental uncertainty.
VIII. RESULTS AND DISCUSSION
The speed flowfields surrounding the MIKRA device are shown in Figures 10a and 10b for several representative Knudsen numbers. The corresponding temperature flowfields around the heater arm are provided in Fig. 10c . Fig. 10a reveals a series of vortex dominated flowfields, behavior that is characteristic of thermally driven rarefied gas flows. The large primary vortex is induced by the motion of the gas from the low temperature shuttle arm to the high temperature heater arm. The vortices within the gap separating the heater and shuttle arms contribute principally to Knudsen force magnitude and are formed by the thermal edge flow effect [22] . Gas motion is induced near the sharp corners of the heater arm in a direction towards the centerline. The two streamlines impinge at the center of the arm and are forced towards the shuttle arm. As the streamlines are unable to cross they are forced away from the centerline of the shuttle arm, rolling up into the vortices seen in Fig. 10b . Thus, at the location of streamline impingement there exists a stagnation point, exerting a repulsive force on the bodies.
The pressure distribution along the left and right sides of the shuttle arm at a Knudsen number of 0.78 is provided in Fig. 11a . As expected, the pressure on the right side is greater than the pressure on the left side, meaning the shuttle arm would be repulsed from the heater arm. The pressure is highest at the center, owing to the stagnation point that occurs on the surface of the heater arm at the location of streamline impingement. The heat transfer distributions along the surfaces of the shuttle arm are calculated and plotted in Fig. 11b . The right side of the shuttle arm is closer to the heater arm, and therefore has a much larger heat transfer that is entirely positive. The heat transfer distributions along the faces of the heater arm are shown in Fig. 11c . As expected, the surface of the heater that experiences the greatest heat loss is the bottom surface, the location of greatest temperature gradient.
Analytical predictions of heat transfer through the bottom surface of the heater arm are calculated with Fourier's heat transfer equation (Q C ), the free molecular heat transfer expression (Q F M ) [20] , and approximations for heat transfer in transitional flows (Q T R ) [3] . Each of these approximations are compared to the DSMC heat transfer results (Q DS MC ) in Table III. TABLE III   NORMALIZED HEAT FLUX BETWEEN HEATER ARM AND SUBSTRATE  BASED ON CONTINUUM, TRANSITIONAL, AND  FREE MOLECULAR APPROACHES   TABLE IV HEAT TRANSFER ALONG ALL FOUR SIDES OF BOTH THE HEATER AND SHUTTLE ARMS
The expressions for the different heat transfer models under consideration are given below:
In these equations, k is the thermal conductivity of the gas, T H is the temperature of the heater arm, T S is the temperature of the substrate, L S is the gap between the substrate and the heater arm, γ is the ratio of the specific heats, λ is the mean free path, α is the accommodation coefficient of the two surfaces (assumed to be 1.0 in this work), and Pr is the Prandtl number. As expected, Q C produces greatest heat transfer whereas Q F M exhibits the lowest. The heat transfer predicted by DSMC is closest to Q F M for most of the cases where the Knudsen number is very large, but is closest to Q T R when the Knudsen number is near unity. Note that when calculating the heat transfer between the heater arm and the substrate this distance is one fifth of the distance between the two beams, making the Knudsen number (K n S ) five times larger than the previously mentioned Kn for each case. Also, Q C varied from case to case because the heater arm had a different temperature for each case. Table III lists the heat transfers normalized by Q C . Table IV shows the heat transfer for all four faces of the shuttle arm and the highest temperature heater arm. The relatively low operating temperatures of the heater arms suggest that the radiative mode contributes negligibly to the overall heat transfer. Using the results of Table IV it is predicted that approximately 33 mW and 3.5 mW are relinquished to the gas at pressures of 7.2 Torr and 0.19 Torr respectively, a substantial difference from the experimentally measured power of 100 mW. We infer that most of the power is lost in the form of conduction through the oxide anchor at the base of the heating element or through radiation to the surroundings. This explanation is supported by the thermal measurements of Fig 7b. Here, the temperature at the wire bond pad is very close to the ambient. This anchor point serves as a conduction path into the nearly isothermal substrate below. To evaluate the influence of radiation, the heater arm dissipation is estimated using the Stefan-Boltzmann law,
Here, it is assumed that the arms act as blackbodies and have view factors of unity as this serves as a limiting case of maximum radiative heat transfer. Using the temperatures from Table I at pressures of 0.19 and 7.25 Torr, the average radiative heat transfer away from the heater arms is 1.468 kW/m 2 and 0.584 kW/m 2 respectively. Comparing these results to the net convective heat transfer of Table IV it can be seen, as expected, that the radiative component contributes substantially to heat transfer at low pressures (Q rad /Q net ≈ 18%) and negligibly at higher pressures (Q rad /Q net ≈ 0.8%).
Lastly, the forces calculated by DSMC are compared to experimental results for validation purposes, as shown in Fig. 12 . There are two lines for the DSMC results because, as discussed earlier, the temperature of the heater arms varied significantly between pairs. As expected, the experimentally measured force output falls within the envelope created by these limiting high and low temperature cases.
Good qualitative agreement is seen between the data, as the peak in the force was captured by both DSMC results. The simulation did not account for a few factors that were present in the experiments, and could have caused some differences between the results. First, the shuttle arm moved slightly (7) during experiments for force measurements, where as the DSMC simulations assumed that the geometry was stationary. The change in the gap would change the Knudsen number, altering the results. Also, 3D effects, non-uniformities in the temperature along each heater arm, and coupling effects between the heater-shuttle arm pairs could cause slight differences in the force. Overall, good agreement was observed between the DSMC and experimental data, meaning that that DSMC can be used to study the present application, as well as similar problems with different applications.
A. Knudsen Thermal Force Coefficient
To generalize the experimental and numerical results the data can be expressed in terms of the Knudsen force coefficient [23] .
where T is the temperature difference between the heater and shuttle arms. Using the force and temperature data from Fig. 6 and Fig. 7b , the non-dimensional results for heating element powers of 100 and 125 mW are presented in Fig. 13 . Also shown is the numerical data as computed from the DSMC simulations. To extrapolate to alternative geometries and ambient conditions the non-dimensional experimental data was fitted via a nonlinear least squares scheme according to the model developed by Nabeth et al. [23] for cantilever geometries.
The associated numerical parameters are provided in Table V. C F = 1 δK n α + K n β + ζ K n γ (7) Fig. 13 shows a peak in force coefficient magnitude near a Knudsen number of around 2, a result qualitatively consistent with the data of Nabeth et al. [23] and Passian et al. [8] .
IX. CONCLUSION
A microscale gas sensor which exploits thermostress convection in transitional rarefied gases has been fabricated and characterized. The device relies on the in-plane motion of a shuttle mass in response to Knudsen forces. The Knudsen forces are formed between a series of heated members and the suspended shuttle. Shuttle deflection is measured capacitively, revealing a non-monotonic transition as a function of ambient pressure between the free molecular and continuum limiting regimes. These results, combined with the heat transfer measurements of the heated members, should, in principle, facilitate simultaneous determination of gas pressure and composition if the mixture's constituents are known.
The ability to actuate both structures and gases in N/MEMS devices makes thermostress convection an attractive option in a host of applications including energy harvesting, convective cooling in microelectronics, and gaseous chemical sensing. The coupling between thermal and species concentration gradients also gives promise to problems involving gas filtering and separation. If appropriately designed such devices could operate passively on waste heat alone, requiring no external source of power. Such a capacity is highly desirable in portable battery powered devices where long life and high performance are paramount.
